Summary: The Bioinformatics Resource Manager (BRM) is a software environment that provides the user with data management, retrieval and integration capabilities. Designed in collaboration with biologists, BRM simplifies mundane analysis tasks of merging microarray and proteomic data across platforms, facilitates integration of users' data with functional annotation and interaction data from public sources and provides connectivity to visual analytic tools through reformatting of the data for easy import or dynamic launching capability. BRM is developed using Java
INTRODUCTION
Present-day 'omics' technologies produce overwhelming amounts of data in a quest to measure multiple parts of a biological system simultaneously (mRNAs, proteins, metabolites, etc) . The systems biologist needs tools not only to analyze his or her new data but also to integrate data from previous experiments and functional annotation from public data sources. In the past, software systems have attempted to integrate heterogeneous data at the semantic as well as the data source levels (Goesmann et al., 2003; Lee et al., 2006; Oikawa et al., 2004) . Attempts have also been made to standardize the representation of biological data and workflows (Lu et al., 2006) . These and other systems biology software solutions either focus on a very specialized workflow or are restricted to a particular set of data sources. The Bioinformatics Resource Manager (BRM) takes into account the disparate nature of biological data, and provides the experimental scientist with an environment suitable for collecting, integrating and mining high-throughput biological data in the context of multiple experiments and the huge array of publicly available data irrespective of the biological system. BRM incorporates emerging software technologies and concepts to facilitate analysis of high-throughput biological data at a systems level.
BASIC FEATURES AND FUNCTIONALITY
Biologists expend a significant amount of time maintaining lists of thousands of gene or protein identifiers in spreadsheets on their file systems. To analyze data from a single experiment, functional annotations about each gene/protein are obtained from public data sources one at a time in order to mine the data for biological interpretation. Attempts to merge data sets across platforms are complicated by inconsistencies in identifiers from multiple sources and there is no mechanism to track the source of data in each column for a merged spreadsheet. Finally, most analytic tools used for data visualization require specialized formats for data import, creating more files for biologists to save and organize. BRM facilitates these routines, tracks data pedigree information and provides integration capabilities with visualization tools allowing scientists to efficiently analyze enormous amounts of data at their desktop. Current functionality includes:
Heterogeneous data integration: High-throughput data are retrieved in a common spreadsheet format regardless of the experimental platform, making it possible to merge and integrate the data within BRM. Data merging is facilitated across experiments and platforms via overlapping equivalent column values or internal cross-identifier mappings (e.g. mappings from protein to gene identifiers).
Simplified retrieval/mining of public data: Annotation data such as cross-referencing identifiers, pathway information or interacting proteins can be retrieved for long lists of genes and proteins identifiers in high-throughput fashion. Currently we support National Center for Biotechnology Information (NCBI) (Wheeler et al., 2006) , International Protein Index (Kersey et al., 2004) , the Universal Protein Resource (Bairoch et al., 2005) , and the Biomolecular Interaction Network Database (Bader and Hogue, 2000) .
Storage of projects and data sets: Organized much like the experiments that generate them, each data set belongs to a project, and a project can have multiple sub-project levels for data management purposes. Data can be imported into BRM as either tab-delimited or comma-separated text files from the user's local machine.
Data reformatting: BRM has built-in data conversion tools that facilitate the saving of data sets on the user's local *To whom correspondence should be addressed. machine in variegated formats. BRM exports simple interaction format files compatible with tools such as Cytoscape (Shannon et al., 2003) and PQuad or simple delimited formats for upload into most spreadsheet and pathway tools.
Launching tools and web-based sources of public data: BRM can dynamically launch website searching of annotation sources such as Entrez Gene, Entrez Protein, TIGR annotations and Pubmed, as well as CDART and BLAST tools using the identifiers selected. Also, BRM facilitates direct launching of Cytoscape to analyze interaction networks.
IMPLEMENTATION
BRM is implemented in Java TM and is based on 3-tier clientserver architecture. Users install a client implemented using Java Swing TM on their desktop computer that provides interfaces to create and manage projects along with datasets, retrieve external data from public sources and launch analysis tools. Figure 1 displays snapshots of the BRM user interface.
The middle tier consists of the BRM server developed using the Enterprise Java Beans 2.0 technology and residing in a JBOSS application server. Connections to external data sources are pre-configured within the BRM Server via the Java DataBase Connectivity Application Programming Interface (API) and to NCBI via the SeqHound (Michalickova et al., 2002) API. The BRM server is responsible for user authentication, data retrieval from external data sources, and management of user sessions while the client is used only as a front-end for all such requests.
The third tier of the BRM architecture is a PostgreSQL (www.postgresql.org) database system. Tables representing users, projects, data sets and data-sources are accessed via the middle tier. All externally retrieved data is also stored along with metadata information in this persistent storage.
Data transfer between the client-server and the individual server components is kept to a minimum to counter Internet Client-server systems require the client to be in-sync with the server for optimal operation. BRM provides an automated version checking mechanism at startup. A pop-up message informs the user of version mismatches and directs them to BRM's web page for updates.
EXAMPLE WORKFLOW
In this section, a common user workflow for BRM is described, which utilizes many of its functionalities. Systems biology research often generates data sets from different experimental techniques that need to be merged but do not have common identifiers. The following steps outline the process of merging an Affymetrix microarray data set that has multiple embedded gene identifiers with a Fourier Transform Ion Cyclotron Resonance (FTICR) mass spectrometry proteomics data set that has IPI numbers for proteins. Figure 2 shows the process graphically. The biological significance of such an exercise is to determine if the proteins identified in an experiment were transcriptionally regulated through concordant or discordant mechanisms.
Step 1: Data import and extraction Using the 'Delimited Data Import' function, the microarray and proteomics datasets are imported within BRM. Once imported, the regular-expression based 'Extract' feature is used to extract the embedded gene symbols from the Affymetrix file as shown in Figure 2- Step 1. The same process can be repeated multiple times for extracting other gene identifiers from the Affymetrix file. These extracted identifiers are now appended as additional columns to the data set.
Step 2: Adding cross-reference identifiers The cross-reference functionality is now used to obtain gene identifiers for the IPI numbers in the FTICR file. As shown in Figure 2- Step 2, an the internal conversion table is used to retrieve gene symbols and Unigene numbers by selecting the 'Add Cross-Reference Identifiers' option from the File menu. Also shown is the 'Identifier Help' interface with examples of gene and protein identifiers in sample eukaryotic and prokaryotic organisms. Step 3: Multi-level merge The next step is to invoke the 'Merge Datasets' interface from either the Dataset Browser or the Project Browser.
Using the 'BRM' button on this interface, the user selects the two data sets within BRM to be merged. Then the relationships between the fields in these two data sets must be defined. BRM allows multi-level merges so that multiple identifiers in the data sets can be used to accomplish the maximum overlap. The drop-down menus on the merge interface are automatically populated with the column headers from the two data sets. From the drop-down lists, the user selects the gene identifier in the proteomics file and the equivalent gene identifier field for the microarray file. The 'Relation' drop-down list provides the necessary translation options from one identifier to another. Since the same identifiers have been retrieved for the two data sets, the 'Equivalent' option is chosen. Alternatively, the same tables used to retrieve the cross reference identifiers can be used for internal translation, e.g. 'IPI ! gene symbol' in the relation drop-down list. More identifiers can be used to merge by clicking the 'Add More Columns' button and choosing another identifier from the two data sets. When finished selecting identifiers, the 'Next' button brings up another interface that has options to select the columns desired in the output data set, to select an intersection versus a union, and to select the project folder to store the new merged data set. The 'Merge' button initiates the process, and upon successful completion of the merge, the Dataset Browser will launch with the merged dataset and a popup window with the summary statistics. This mapping process is generic enough to be used for merging any two data sets with common identifiers. As shown in Figure 2- Step 3, 109 rows overlapped between the two sample data sets using two gene identifiers, when only 64 rows would have intersected with either identifier alone.
CONCLUSION
Today's data-intensive, systems biology research requires the support of a software environment that manages data set storage, communicates with external data sources, integrates heterogeneous data and provides connectivity to analytic tools that transform experimental data into knowledge.
BRM serves as a data management system for experimental scientists and bioinformaticists. Designed in cooperation with biologists, BRM automates many mundane data processing tasks, making integration across platforms and experiments feasible and efficient. One other publicly available software that compares with BRM in function and scope is the Gaggle (Shannon et al., 2006) . Gaggle integrates multiple analysis tools, such as the R statistical environment and TIGR MultiExperiment Viewer, allowing two-way communication of data between applications. However, it does not have a data management component similar to BRM. We are currently working with the Gaggle developers to release a future version of BRM that communicates with Gaggle and adds the much needed analysis component to BRM.
